Background: Since circulating levels of TNF-related apoptosis inducing ligand (TRAIL) may be important in the physiopathology of pregnancy, we tested the hypothesis that TRAIL levels change at delivery in response to stressful conditions.
Introduction
TNF-related apoptosis inducing ligand (TRAIL) is a TNF family member expressed as either a type II transmembrane protein or, similarly to other membrane-bound ligands of the TNF superfamily, as a soluble protein, which is detectable in the serum under physiological conditions [1] . Although the best characterized biological activity of TRAIL, also known as Apo2 ligand, is represented by a potent induction of apoptosis in a variety of cancer cell types [2] , the wide expression of TRAIL and TRAIL receptors in many normal tissues suggests that the physiological role of TRAIL is more complex than merely activating the apoptotic pathway in cancer cells. Indeed, accumulating evidence suggests possible non-apoptotic functions regulated by TRAIL [3] and, in particular, by soluble TRAIL, which is able to activate intracellular signal transduction pathways involved in cell survival, migration and proliferation in a variety of normal cells [3] . These biological activities of soluble TRAIL are observed at concentrations (10-100 pg/ml) in the range found in serum/plasma [4] [5] [6] [7] [8] [9] [10] . Among different tissues, it is noteworthy that TRAIL and its receptors are abundantly expressed in the human placenta [11] [12] [13] [14] , where TRAIL has been proposed to contribute to the establishment of immune privilege during pregnancy [11, 12] . In addition, soluble TRAIL displays regulatory effects on endothelial cells and more in general on the vascular system [15] [16] [17] [18] . While there are data regarding the serum level of the TRAIL receptor osteoprotegerin (OPG) [19] during pregnancy [20] , anything is known about potential modulation of circulating soluble TRAIL concentrations from early pregnancy to post-partum after labor.
On these bases, the aim of the present study was to measure the serum levels of TRAIL in a cohort of women, at early time points of pregnancy (12 and 16 weeks) , at the delivery, as well in the respective umbilical cord blood (CB), in order to assess: i) the relationship between TRAIL and clinical and biochemical parameters, ii) the relationship between the maternal and CB levels of circulating TRAIL.
Materials and Methods

Study population
The study population consisted of 73 women who underwent amniocentesis. The procedures followed were in accordance with the Declaration of Helsinki and approved by the institutional review board (Institute for Maternal and Child Health, IRCCS Burlo Garofolo of Trieste). All participant subjects gave written informed consent. Serial blood samples were obtained from each woman at 12 (time 1) and 16 (time 2) weeks' gestation and within 15 minutes post-partum (time 3). In addition, blood samples were collected as umbilical mixed arterial-venous CB samples at delivery. The samples were immediately centrifuged, aliquoted and the sera were frozen at 280uC until biochemical measurements.
The main characteristics of the 73 women are reported in Table 1 and include: i) maternal data, such as maternal age at delivery, pre-gestational BMI (body mass index), ethnicity, parity, pregnancy, type of conception, smoking at 12 weeks' gestation, pathological course of pregnancy, gestational hypertensive disorders, gestational diabetes, karyotyping, fetal growth restriction during pregnancy; ii) delivery data, such as gestational age at delivery, induction of labor, delivery modality, such as spontaneous vaginal, operative vaginal, elective cesarean section (CS), urgent CS, analgesia during labor; iii) neonatal outcome: live births, cord blood pH and base excess (BE), Apgar at 1 st and 5 th minute, need of resuscitation in first 30 minutes after delivery, need of admission to intensive neonatal care, fetal distress. Demographic and clinical characteristics were ascertained from baseline interview, medical records/database and/or clinical medical examination. For some of the parameters reported in Table 1 and analyzed in Table S1 , we had some missing data: when the number of observation is less than 73 women, the number of observation is specified in Tables 1.
Biochemical measurements
For the measurement of circulating TRAIL, analyses were performed in duplicate by using specific, commercially available ELISA kit (R&D Systems, Minneapolis, MN) in accordance with the manufacturer's instructions and analyzed with an ELISA reader at 450 nm, as previously described [21] . Standard curves were set up by using scalar dilution series of the recombinant human proteins (TRAIL) provided by the manufacturers as standard for each specific kit. Sensitivity of the assay was 2.86 pg/ ml and the intra-and inter-assay coefficients of variation (CV) were 3.9% and 6% respectively, and the upper limit of detection was 1000 pg/ml. Selected serum samples were run in each ELISA plate, as internal controls, confirming the reproducibility of the determinations over times.
Total cortisol and insulin levels were measured by Cobas Modular E analyzer (Roche Diagnostics, Basel, Switzerland) with electrochemiluminescence assay following manufacturer's instructions. For total cortisol, sensitivity of the assay was 0.018 mg/dl and the intra-and inter-assay CV were 1.3% and 2.89% respectively, and the upper limit of detection was 63.4 mg/dl. For insulin, sensitivity of the assay was 0.200 mU/ml and the intraand inter-assay CV were 1.9% and 2.7% respectively, and the upper limit of detection was 1000 mU/ml. CRP levels were determined on Cobas Modular P analyzer (CRPL3 Tina-quant CReactive Protein Gen. 3 by Roche Diagnostics) immunoturbidimetric method following manufacturer's instructions. For CRP sensitivity of the assay was 0.03 mg/dl and the intra-and interassay CV were 1.3% and 2.43% respectively, and the upper limit of detection was 35 mg/dl. Serum glucose was measured by Cobas Modular A analyzer (Roche Diagnostics) with enzymatic methods following manufacturer's instructions. Sensitivity of the assay was 2 mg/dl and the intra-and inter-assay CV were 1.0% and 1.7%, respectively and the upper limit of detection was 750 mg/dl. All biochemical markers were determined in duplicate and were run in the same assay in each period.
Statistical analyses
The differences among the TRAIL, total cortisol, glucose, insulin, CRP values across study phases were measured with the non-parametric Friedman test for matched samples. A post-hoc test, the non-parametric Wilcoxon signed-rank test, was then applied with Bonferroni adjustment for the number of one to one comparisons. Correlations between TRAIL and variables were estimated using Spearman's correlation coefficient.
A bivariate analysis was conducted to study the relation between difference in TRAIL values between time 1 and time 3 (higher than 20 pg) and variables related to maternal characteristics, delivery and neonatal outcomes, illustrated in Table 1 . P values were calculated using the Mann-Whitney non parametric test in case of continuous variables and the two tailed Fisher exact test in case of dichotomous variables. Multivariate logistic regression analyses were run with TRAIL (either from maternal measurements or CB values, as detailed in the Results section) and including as potential predicting variables those related to maternal characteristics, pregnancy, delivery and neonatal outcomes. The logistic regression also considered the levels of CPR (#0.5 vs. .0.5 mg/dl for maternal blood and #0.35 vs. .0.35 for CB) and total cortisol, insulin, and glucose (expressed as quartiles) at delivery and into the CB. Stata/IC 11.2 was used for the analyses (StataCorp LP, College Station, USA; www.stat.com). A two-sided p-value ,0.05 has been chosen as statistically significant.
Results
The circulating levels of maternal TRAIL are significantly decreased immediately after partum
In Table 1 we report the results of the descriptive analysis. Maternal age appears to be quite high due to the nature of our study, which focused on women who would accept to carry out amniocentesis. In our group of 73 women, 48% were nulliparous, four were obese (BMI$30), two conceived with artificial methods, two were not Caucasian, two smoked during pregnancy (smoked at 12 weeks gestation). All women had a normal karyotype, while 12 had a pathological course of pregnancy.
For each subject, the serum levels of TRAIL were measured in 2 different time points of the gestational period (time 1: 12 weeks, time 2: 16 weeks), at the partum (time 3) as well as in the serum derived from the corresponding CB. As shown in Figure 1A , the values of circulating soluble TRAIL were not significantly different between time 1 and time 2 (p = 0.703), while they showed a clear decrease at delivery (p,0.01). The non-parametric Friedman test for matched samples on the three values has a p,0.001. The Wilcoxon signed-rank test with Bonferroni correction for multiple comparisons (three comparisons: significant if p,0.017) showed significant differences between TRAIL measures at time 1 and time 3 (p,0.001), and between measures at time 2 and time 3 (p,0.001). On the other hand, the circulating TRAIL levels in the umbilical CB were significantly higher than the maternal levels examined in the different time points (in all cases p,0.0001).
By analyzing the kinetics of TRAIL at different time points, two groups of women could be identified: one group included women characterized by either no significant decrease or (in 7 cases) by an increase of TRAIL ( Figure 1B , upper panel), while in the second group a clear-cut decline was observed ( Figure 1B , lower panel). In particular, a subset of women (41.7%) had a decrease in TRAIL from time 1 to time 3 .20 pg/ml, showing a decrease in the levels of circulating TRAIL similar to that previously observed in patients affected by coronary artery disease [5] [6] [7] [8] [9] .
The decline in the maternal levels of circulating TRAIL in a subset of women is associated with difficult labor
In the bivariate analysis for the study of the factors associated with the outcome ''TRAIL at time 1 -TRAIL at time 3'' .20 pg/ml, it was observed that the women more at risk of a significant decrease in TRAIL at the partum were those: with higher age, nulliparous, with induction of labor, with operative vaginal delivery or urgent CS, who did not have analgesia during labor or with fetal distress (Table S1) . A multivariate logistic regression analysis was run with the above mentioned outcome and including as potential predicting variables only those related to maternal characteristics, pregnancy and delivery, as reported in Table 1 . We excluded type of conception from the multivariate logistic regression model because no women had an artificial conception in the group with reduction of TRAIL values #20 pg/ml. In multivariate logistic regression analysis (Table 2) , the variables significantly (p,0.05) associated with the outcome are the following: higher maternal age at delivery, no analgesia during labor, nulliparity, induction of labor, operative vaginal delivery or urgent CS.
Maternal conditions and fetal distress also affect CB TRAIL levels
In the next group of experiments, we sought to investigate whether the maternal characteristics, which are associated with the decline of maternal TRAIL at delivery, also affected CB TRAIL. For this purpose, in the absence of references for normal/ pathological levels of funicular TRAIL, we decided to adopt the cut-off identifying 25% of sample with the lowest levels of funicular TRAIL. Given the size of the sample, 25% guaranteed a good size in the affected group to allow detection of possible associations with other factors. In a multivariate logistic regression model with the first quartile of CB TRAIL as outcome (0 if $90 pg/ml, 1 if ,90 pg/ml), we could reconsider the variable on type of conception and had to exclude, however, ethnicity, smoke and diabetes mellitus because of collinearity. The variables significantly associated with a CB TRAIL ,90 pg/ml were the following: higher pre-pregnancy BMI, induction of labor and fetal distress ( Table 3) . Maternal TRAIL levels at delivery are inversely related to CRP
Since the data illustrated above suggested that stressful conditions might be involved in mediating the decline of TRAIL observed at delivery and might also influence CB TRAIL levels, we have then investigated the potential correlation between levels of circulating TRAIL and relevant biochemical parameters, such as total cortisol, glycemia, insulinemia and CRP. In particular, CRP was included since previous studies have shown that it increases during pregnancy under both normal and pathological conditions [22] [23] [24] [25] . As reported in Figure 2 and Table S2 , the levels of total cortisol, glycemia, insulin and CRP showed a significant increase at the delivery (time 3) with respect to the previous time points analyzed (time 1 and/or time 2). In particular, while insulin and total cortisol showed a progressive increase from time 1 to time 3 ( Figure 2 and Table S2 ), glycemia and CRP showed a peak at delivery (Figure 2 and Table S2 ). Moreover, while the levels of total cortisol glycemia and insulin in CB were not significantly different from maternal values at times 1 Figure 1 . Serum TRAIL levels during pregnancy and in the corresponding cord blood. In A, levels of TRAIL were determined by ELISA in sera from 73 pregnant women (analyzed at the indicated times of gestation and at delivery) and from the corresponding cord blood. Horizontal bars are median, upper and lower edges of box are 75th and 25th percentiles, lines extending from box are 10th and 90th percentiles. In B, two groups of women enrolled in this study were identified on the basis of the drop in the TRAIL serum levels between 12 weeks of gestation (time 1) and delivery (time 3) ,20 pg/ml (group 1) or $20 pg/ml (group 2 and 2, the levels of CRP in CB were either completely absent or very low as compared to maternal CRP values determined at different time points (Figure 2 and Table S2 ). It is also noteworthy that while the levels of maternal cortisol, glycemia and insulin showed a significant positive correlation with CB cortisol, glycemia and insulin (Table 4) , no significant correlation was observed between maternal (time 3) and CB levels of TRAIL (R = 0.032, p = 0.792) nor between maternal and CB CRP ( Table 4) . Of note, a significant inverse correlation was observed between maternal TRAIL at delivery (time 3) and total cortisol, TRAIL (time 3) and glycemia, TRAIL (time 3) and insulin as well as between TRAIL (time 3) and CRP ( Table 4 and Figure S1 ). These findings were confirmed in a bivariate analysis with TRAIL time 3-first quartile as outcome (data not shown). However, in a multivariate logistic regression analysis with the outcome: TRAIL time 3-first quartile, the only biochemical variable significantly (p = 0.003) associated with a TRAIL time 3-first quartile was CRP (Table S3) . On the other hand, glycemia, insulin and total cortisol lost of significance with the only addition of another variable (data not shown). The prominent association of CRP with maternal TRAIL was further underlined by comparing the group of women with reduction of TRAIL values #20 pg/ml vs the group with reduction of TRAIL values .20 pg/ml, illustrated in Figure 1B , for the levels of CRP at delivery. In fact, significantly (p,0.01) higher levels of CRP (median 0.79, mean6SD 1.3961.60 mg/dl, time 3) were measured in the group of women with reduction of TRAIL values .20 pg/ml with respect to the other group (median 0.47, mean6SD 0.5760.45 mg/dl, time 3). Finally, when considering CB TRAIL, no correlations were observed between CB TRAIL and CB levels of total cortisol, glycemia, insulin and CRP (data not shown). Interestingly, when CB serum samples were subdivided on the basis of the pathological levels of glycemia (.96 mg/dl), insulin (.20 mU/ml), CRP (.0.035 mg/dl), total cortisol (.17 mg/ml), CB TRAIL levels tended to be lower in patients with high levels of total cortisol compared to those with normal levels of cortisol (p = 0.08), while no significant differences were noticed in CB samples with different levels of glycemia, insulin or CRP ( Figure S2) . Figure 2 . Changes in the serum levels of biochemical markers during pregnancy and in the corresponding cord blood. Serum levels of (A) total cortisol, (B) glycemia, (C) insulin, (D) CRP were determined by ELISA in sera from 73 pregnant women (analyzed at the indicated times of gestation and at delivery) and from the corresponding cord blood. Horizontal bars are median, upper and lower edges of box are 75th and 25th percentiles, lines extending from box are 10th and 90th percentiles. doi:10.1371/journal.pone.0027011.g002
Discussion
In this study, we have demonstrated for the first time that the circulating levels of soluble TRAIL are significantly decreased at delivery as compared to week 12 and week 16 of gestation in a group of 73 women. A subset of these women (41.7%) had a decrease in TRAIL at delivery .20 pg/ml with respect to the levels observed at week 12. Interestingly, a comparable drop in the levels of circulating TRAIL was previously observed in patients affected by acute coronary artery disease [5] [6] [7] [8] [9] , a finding that led us and other Authors to hypothesize that TRAIL might have a vasoprotective activity. In keeping with the idea that physiological levels of circulating TRAIL has trophic effects on the blood vessels [15] [16] [17] [18] , we have demonstrated for the first time that the soluble TRAIL levels in CB were much greater than those found in their mothers as well as in the general adult population [21] . In addition, while the levels of total cortisol and glycemia and to a lesser extent insulin showed a significant positive correlation between maternal blood at delivery (time 3) and CB, no such correlation was observed for TRAIL. This lack of correlation between maternal and CB, together with the fact that TRAIL levels were much higher in CB than in maternal blood strongly suggests that TRAIL is autonomously produced also by fetal tissues or annexes. In this respect, although no information is currently available concerning the cellular source(s) of circulating TRAIL in adults, it is noteworthy that several studies have documented the presence of TRAIL, as well as of its receptors, in human placenta [11] [12] [13] [14] [26] [27] [28] [29] [30] [31] . The syncytiotrophoblast, cytotrophoblast, stromal cells and the capillary endothelium cells in human placenta all appeared to be TRAIL immunoreactive [11] [12] [13] [14] [26] [27] [28] [29] [30] [31] . However, the potential contribution of placenta for explaining both the differences between maternal and CB levels of TRAIL, as well as the drop of circulating TRAIL after delivery, remain to be established. In addition, further studies are required in order to evaluate whether TRAIL is suitable to be a marker of the health of the placenta and/or uteri during pregnancy.
Another important conclusion of our study was that a woman is more at risk of a decrease .20 pg in TRAIL between 12 weeks gestation and delivery if she is older, if she has an operational vaginal delivery or an urgent CS, if she does not receive analgesia during labor and if her labor is induced, as evaluated by dichotomous and multivariate regression analyses. In addition, by generating a dichotomous variable below or above 90 pg/ml in the CB (first quartile), it was possible to demonstrate that levels of TRAIL below 90 pg/ml in the CB were associated to higher prepregnancy BMI, induction of labor and fetal distress. Thus, all stressful conditions linked to partum modalities induced a significant drop in the levels of circulating TRAIL. This notion was strengthened by the observation that circulating TRAIL at delivery was inversely related with biochemical markers of stress, such as elevated glycemia, insulin and total cortisol levels, which reach the highest levels at delivery [32] . Interestingly, elevated levels of total cortisol were associated with low levels of TRAIL also in the CB although this association did not reach statistical significance. In addition, a previous study demonstrated that pathological levels of cortisol increase the circulating levels of osteoprogerin, a neutralizing receptor for TRAIL [33] . In relationship with the potential vasoprotective activity of TRAIL [15] [16] [17] [18] , it remains to be established whether the drop of TRAIL after partum associated to stressful conditions represents a risk for future cardiovascular disease, which, anyhow, is rare at the age of the women enrolled in our study. The original aim of the present prospective study was focused on gestation/labor, and no followup was planned for the enrolled women. In this respect, at least several years follow-up would be necessary to verify the hypothesis of an increased chance of cardiovascular disease in relation to higher decline of TRAIL levels after delivery.
The last important conclusion of our study is the existence of a strong inverse correlation between CRP and TRAIL. This inverse relationship was observed both at the time of delivery as well as considering the group of women with reduction of TRAIL values #20 pg/ml. Moreover, while the inverse association between TRAIL and total cortisol, TRAIL and glycemia and TRAIL and insulin were lost in multivariate analysis considering all the biochemical data, the only variable which showed a persistent association with reduced levels of TRAIL was CRP. In this respect, previous studies concerning the potential association of TRAIL and CRP have been conflicting since TRAIL has been either positively [34, 35] or negatively [36, 37] associated to CRP. Our current data unequivocally show the existence of an inverse association between CRP and TRAIL during pregnancy. In agreement with our data showing an increase of CRP levels during pregnancy with a peak at delivery, previous studies have also shown that CRP increases during pregnancy under both normal and pathological conditions [22] [23] [24] [25] . Interestingly, it has been proposed that CRP level during pregnancy is a predictor of increased atherogenesis in children [24] , a finding particularly interesting in light of the anti-atherosclerotic activity of TRAIL [17, 21, 37, 38] . We are aware that an important limitation of this exploratory analysis is the lack of a critical time point in the third trimester approaching parturition. This does not allow to know how the concentrations of circulating TRAIL change towards the end of pregnancy. Although the available data suggest that reduced circulating TRAIL level (compared to the level in early pregnancy) is associated with stressful conditions, at the moment remains to be defined whether the TRAIL level is already reduced prior to parturition (and thus could be used as an indication of potentially complicated deliveries), or if the TRAIL reduction is caused by stressful conditions during delivery. In spite of these limitations, this study demonstrated for the first time the existence of a significant association between stressful labor conditions and down-regulation of TRAIL after partum. Author Contributions
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